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Virus particles, ‘virions’ range in size from nano-scale to micro-scale. They have 
many different shapes, and are composed of proteins, sugars, nucleic acids, lipids, 
water and solutes. Virions are autonomous entities, and affect all forms of life in a 
parasitic relationship. They infect prokaryotic and eukaryotic cells. The physical 
properties of virions are tuned to the way they interact with cells. When virions 
interact with cells, they gain huge complexity, and give rise to an infected cell, also 
known as ‘virus’. Virion-cell interactions entail the processes of entry, replication and 
assembly, as well as egress from the infected cell. Collectively, these steps can 
result in progeny virions, which is a productive infection, or in silencing of the virus, 
an abortive or latent infection. This book explores facets of the physical nature of 
virions and viruses, and the impact of mechanical properties on infection processes 
at the cellular and subcellular levels.  
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The chapters in this book are written by physicists, chemists, computational 
scientists, and biologists. Joining forces across disciplines has been a long-standing 
and fruitful approach to advancing the life sciences and furthering understanding of 
infectious disease. For example, biology, chemistry and physics have debated about 
the nature and the general principles of living matter (Beadle and Tatum, 1941; 
Dronamraju, 1999; Luria and Delbruck, 1943). We now realize that important aspects 
of living matter are governed by self organisation of their components. This insight 
has been largely based on a combination of wet lab experimental biology and 
mathematical modelling merging concepts of discrete particle physics and fluid 
dynamics (Nedelec et al., 1997; Toner and Tu, 1995; Vicsek et al., 1995). It has 
given rise to a field of ‘active matter’, which aims to assemble a theory of living matter 
in biology incorporating the rules of mechanics and statistics. Not surprisingly, viruses 
have been long known to use self-organizing processes to assemble virions from 
protein and nucleic acid building blocks produced in excess in the infected cell 
(Caspar and Klug, 1962; Johnson and Speir, 1997).  
Alone, viruses have other intriguing properties relating them to active matter. For 
example, they are a swarm of genetically related elements, and give rise to a 
productive infection when thousands of particles enter an organism (Domingo et al., 
1978; Eigen, 1993). How this relates to the fact that cellular life is based on self-
propelled entities from which large-scale structures and movements arise has 
remained unknown. The question is critical, however, since viruses gain importance 
in an increasingly globalized world where they emerge and spread unpredictably 
between animals, humans and plants (Greber and Bartenschlager, 2017; Lederberg, 
2000). Furthermore, increasingly powerful strategies are designed to engineer 
viruses for the treatment of disease by gene therapy approaches, and antagonizing 
pathogenic bacteria in humans and livestock (Cisek et al., 2017; Schmid et al., 2018; 
Young and Gill, 2015).  
The book here brings together an interdisciplinary group of physicists, chemists, 
mathematicians and biologists, and explores how the physical nature of virus 
particles impacts on virus infections. It covers a select range of viruses, including 
enveloped and non-enveloped viruses, human immunodeficiency virus (HIV), 
rotavirus (RV), rabies virus (RABV), adenovirus (AdV), the insect virus Triatoma virus 
(TrV).  
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1.2. Chapter 2: Virion tracking in entry 
The chapter by Susan Daniel and Lakshmi Nathan describes some of the intricate 
pathways, by which virions enter into host cells (Nathan and Daniel, 2019). The 
authors contrast single virus tracking experiments in cells and on biomimetic 
membranes assembled in vitro, and discuss the pros and cons of both settings by 
highlighting examples of enveloped virus membrane fusion assays. They also 
discuss the power of high resolution single virus experiments and put this in contrast 
to biochemical assays lacking spatial and temporal resolution at large but providing 
population average data.  
1.3. Chapter 3: Uncoating of rotavirus 
Daniel Luque and Javier Rodriguez provide a comprehensive overview of the 
structural changes of the rotavirus (RV) particle in the course of entry into cells 
(Rodríguez and Luque, 2019). RV is a medium sized 100 nm large, triple-layered 
non-enveloped particle with a segmented double-stranded (ds) RNA genome. The 
particle is primed for entry and uncoating by limited proteolysis during egress and 
release. It undergoes a series of remarkable conformational changes triggered by 
interactions with host cell receptors and ionic cues. These limited uncoating steps 
activate the membrane penetration machinery, leading to the disruption of the limiting 
endosomal membrane and release of the dsRNA segments into the cytosol. 
Intriguing questions arise, for example, whether the outer capsid protein VP7 serves 
as a quasi-enveloped fusion protein, or how the virion structures in high and low 
calcium ions inform about the disassembly mechanism in endosomes.  
1.4. Chapter 4: Host factors in HIV capsid interactions 
Leo James provides an atomistic level view of the interactions of critical host factors 
with the incoming capsid of HIV during entry (James, 2019). The author raises 
arguments to diffuse the long-held notion in the field that the capsid is dismantled 
soon after virion fusion with the plasma membrane or an endosomal non-acidified 
membrane. Rather, it is now emerging that the capsid serves as a shield to contain 
the viral genome during trafficking throughout the cytosol. It thereby acts akin to the 
capsids of icosahedral DNA viruses, such as AdV, herpes virus, parvovirus and 
hepatitis B virus, all of which contain their viral genome up to the critical uncoating 
step close to the site of viral replication (for reviews, see Fay and Pante, 2015; Flatt 
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and Greber, 2017; Radtke et al., 2006; Wang et al., 2018; Yamauchi and Greber, 
2016). This similarity reinforced by the notion that capsid interacts with a range of 
host factors. These views open ways towards designing new virus inhibitors targeting 
the interface between the virion and host factors in the cytosol, or triggering 
premature viral uncoating distant from the replication site. The chapter also describes 
exciting new insights into yet another fundamental question in lentivirus infection 
biology, namely how and where the reverse transcription of the positive sense RNA 
genome into DNA occurs. Analyses of the available structures of the HIV capsid and 
new structures of purified capsid protein hexamers revealed a cluster of positively 
charged arginine residues at the center of each hexamer, potentially providing 
hundreds of gatable portals, through which to recruit nucleotides into the lumen of the 
capsid (Jacques et al., 2016). The concept emerges that the capsids of all 
lentiviruses are functioning as a semi-permeable reaction chamber for importing and 
consuming nucleotide triphosphates for reverse transcription of the viral genome. 
This would be reminiscent of bacterial microcompartments, which isolate toxic 
reaction products from the rest of the cytoplasm (Tanaka et al., 2010), and consume 
metabolites by sequestering appropriate enzymes into dedicated protein cages 
(Chowdhury et al., 2015).  
1.5. Chapter 5: Virus structure, lineage and evolution 
Nicola Abrescia and Hanna Oksanen dwelve into the nature and evolutionary 
lineages of membrane-bearing icosahedral viruses, inspired by studies on the PRD1 
bacteriophage, a distant relative of AdV (Oksanen and Abrescia, 2019). Membrane-
bearing phages are different from eukaryotic enveloped viruses as they contain an 
internal rather than external membrane (Espejo and Canelo, 1968). The authors 
discuss this feature. They also highlight the concept of ‘structural evolution’, which 
entails a relationship of structure to function across viral lineages spanning the three 
domains of life, notably in the absence of any discernable relationship in the 
sequence of the viral genomes (Bamford et al., 2002). This concept is also important 
for human viruses, for example the highly divergent picornaviruses, which comprise 
enteroviruses and respiratory viruses with common structural determinants, and 
mechanisms of membrane-bound replication (Rossmann et al., 1985; Roulin et al., 
2014). It is interesting to note that the structure of PRD1 is evolutionarily related to 
AdV (Benson et al., 1999). This does not necessarily imply, however, that the two 
virions also function the same way in entry and assembly. For example, PRD1 is 
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bearing a striking unique vertex, through which the viral genome is packaged and 
released in an ATP- and pressure-dependent manner, respectively (Stromsten et al., 
2003). In contrast, current evidence for AdV does not indicate a unique vertex in the 
icosahedral structure (Liu et al., 2010; Yu et al., 2017). This implies that AdV may not 
package its genome through a specialized vertex structure into a preformed capsid, 
unlike other eucaryotic DNA viruses, such as herpes simplex virus type 1 which 
bears a unique portal (Cardone et al., 2007). Rather, AdV may use a co-assembly 
process of capsomers and viral genome to give rise to virions (Condezo and San 
Martin, 2017). In fact the conditional genetic ablation of the DNA-organizing viral 
protein VII does not abrogate the formation of stable virions, but gives rise to particles 
that are indistinguishable from wild type, except lacking protein VII, and some 
processing defects inside the capsid (Ostapchuk et al., 2017). To our knowledge, 
there is no precedence for a viral DNA packaging machine that would accept both 
protein-bound and protein-free DNA. The evidence in case of AdV therefore strongly 
argues against a mechanism that packages viral DNA into a preformed virion, but 
favours a model of co-packaging DNA and protein to form particles. 
1.6. Chapter 6: Virus assembly and liquid unmixed compartments 
In the next chapter, Jovan Nicolic, Danielle Blondel, Yves Gaudin and colleagues 
describe principles of particle assembly involving liquid-liquid phase separated, 
membrane-free compartments in the virus (Nikolic et al., 2019). They elaborate on 
the structure and the function of viral assembly zones, often referred to as inclusion 
bodies. These liquid unmixed zones are considered as ‘active matter’, much like the 
nucleolus, stress granules or P-bodies, and contain intrinsically disordered proteins 
poised to interact with key proteins and RNAs to give rise to new virions. Viral 
factories formed by liquid-liquid phase separation ensure that the virus distinguishes 
self from non-self in the infected cell.  
1.7. Chapter 7: Virus maturation 
Newly synthesized virions are often not readily infectious, unless they undergo a 
process called maturation, driven by limited proteolysis. Immature particles are 
protected against untimely uncoating cues in the assembly or egress pathways, and 
traffic in a quasi undisturbed manner through the cytosol or secretory pathways. 
Carmen San Martín describes how virion maturation entails conformational and 
structural changes to control the stability of the particle (San Martín, 2019). This is 
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important because predominantly the mature virions are susceptible to cues from the 
host triggering productive virion entry into cells (Greber et al., 1994; Imelli et al., 
2009; Kilcher and Mercer, 2015; Suomalainen and Greber, 2013). The author 
explores the biochemical process of virion maturation in icosahedral viruses from  
four lineages according to the structure of their capsid proteins (picornavirus-like, 
bluetonguevirus-like, HK97-like and PRD1-like), as well as alpha-, flavi- and 
retroviruses. San Martín further discusses how virion maturation changes the 
physical properties of particles, and how this affects the response of the virions to 
uncoating cues. 
1.8. Chapter 8: Mechanics of virions 
Mechanical properties of the virion determine both the strength and the unpacking 
mechanism of the viral genome. They represent key features of any infectious virus 
particle. Viral mechanics are dominated by the stiffness of the capsid shell, often in 
combination with the internal pressure from the tightly packed genome (Evilevitch et 
al., 2011; Klug et al., 2012), and can be tuned in the course of infectious entry into 
cells, for example by low pH, as shown for influenza A virus (Greber, 2014; Li et al., 
2014). Pedro de Pablo and Iwan Schaap explain how atomic force microscopy (AFM) 
helps to explore the surface topology and the mechanical properties of virions, and 
how AFM identifies domains of the virion with distinct stiffness and particular 
susceptibility to cues from the host (de Pablo and Schaap, 2019). This is remarkable 
since virion stiffness has been shown to regulate the entry of immature HIV-1 
particles (Pang et al., 2013). Further to this, mechanical host cues occur on the AdV 
particles at the cell surface, and catalyze a stepwise disassembly process of the 
virion, which delivers leaky capsid shells containing the viral DNA to the cytosol, 
which dock to nuclear pore complexes and deliver their DNA cargo into the nucleus 
upon rupture nucleus (Burckhardt and Greber, 2009; Burckhardt et al., 2011; Flatt 
and Greber, 2017; Strunze et al., 2011). At the stage of virion docking to the nuclear 
pore complex, the capsid is still pressurized by the entropic energy of the condensed 
viral genome, and this may impact on how the genome eventually transits through 
the nuclear pore complex into the nucleus upon the disassembly of the capsid (Bauer 
et al., 2013; Greber, 2016; Luisoni and Greber, 2016). This concept is built on prior 
studies with bacteriophage phi29 which showed that the pressure inside the virion is 
affected by DNA condensation, which was reversibly tuned by the DNA binding agent 
spermidine added to the virion in solution (Hernando-Perez et al., 2012).  
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1.9. Chapter 9: Proton diode and alkaline pH in insect viruses 
The chapter written by María Branda and Diego Guérin explores the physico-
chemical mechanisms for proton conductance through protein cavities in the virion 
shell of the insect virus Triatoma virus (TrV) (Branda and Guérin, 2019). TrV is a 
picornavirus-like particle of the Dicistroviridae replicating in insects but not in 
humans. TrV is exposed to alkaline pH in the insect intestines, and excreted in large 
amounts in the insect feces, from where virions can be isolated and subjected to 
structural analyses. Such analyses showed that under extreme natural conditions, 
such as drying, the particles do not disintegrate but are held intact by the internal 
genome, which prevents capsid collapse (Martin-Gonzalez et al., 2018). In addition, 
the virion responds to changes in pH. Based on the atomic structure of TrV, quantum 
mechanic and molecular dynamic calculations, the authors put forward a model of 
water wires across the capsid shell at the 5-fold axes of the icosahedral particles. In 
alkaline pH, this wire conducts protons from the inside of the virion to the outside. 
The wire is selective for protons due to a narrow restriction leading it to behave like a 
'proton diode'. Remarkably, the diode does not allow protons to enter the virion 
lumen, which is consistent with the notion that the TrV particles are stable at pH up to 
3.5. The particles become unstable at alkaline pH, which extracts protons from the 
virions. The model indicates that proton efflux increases the negative charges on the 
proteins inside the virion. This in turn removes positive anorganic ions, such as 
magnesium ions, from the RNA genome, which leads to RNA decondensation, 
expansion, and eventually release from the virion. The authors use their model to 
estimate that at pH 8.5, the export of protons increases the charge excess on RNA 
by about 16%. Concomitant with RNA release, the internal protein VP4 is extruded, 
and becomes membrane disruptive in a dose-dependent manner. These events likely 
mimic the situation in the insect rectum, where the virion is exposed to alkaline pH. 
By this elaborate unidirectional machinery, the virion selectively responds to changes 
in the environment to execute the RNA uncoating process, yet remains stable in dry 
conditions. The chapter impressively illustrates the power of combined experimental 
and theoretical approaches in analyzing structure-function relationship in virus 
particles under harsh chemical conditions. Remarkably, this contrasts other viruses 
that are exposed to less harsh chemical environments in their life cycle. For example, 
during entry and uncoating AdV breaks off entire penton capsomers at the 5-fold 
axes, the weakest part of the virion (Greber et al., 1993; Nakano et al., 2000; Ortega-
Esteban et al., 2015; Snijder et al., 2013). This exposes the membrane lytic protein 
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but leaves the virion DNA in the capsid shell, well protected from the DNA sensors in 
the cytoplasm (Burckhardt et al., 2011; Wang et al., 2013). 
1.10. Chapter 10: Multi-layered computational modelling of viruses 
The final chapter by Elisabeth Jefferys and Mark Sansom describes how computer 
simulations can guide the exploration of virion properties, and virion interactions with 
host components (Jefferys and Sansom, 2019). Computational virology opens the 
field to predictions that go beyond the readily doable wet lab experiments but remain 
testable by empirical approaches. The authors dwelve into the detailed mapping of 
mechanical properties of single virions, including the behaviour of fusion peptides of 
enveloped viruses, modelling of viral capsid assembly and genome encapsidation 
over extended periods of time, and end up with a discussion of whole viral particles 
simulations. They conclude by providing a high level view on the power of 
computational approaches in virology. Computational approaches allow asking 
questions, such as, is a protein in the virion envelope directly exposed to the 
environment, and hence a good drug target? Or what is the impact of N- and O-
linked glycosylation on the antigenic variation in the ectodomain of viral envelope 
proteins, and how do they conrtibute to the shielding of the epitopes on the virion? 
Such questions are revelant for the identification of neutralizing anti-HIV antibodies or 
other molecules directed to the virion, a notoriously difficult task. Computational 
virology can also use information about protein-protein contacts from the crystal 
structures of icosahdral particles, and simulate the mechanics of the capsids to 
predict anisotropic properties of the virion. Anisotropy in virion mechanics is 
increasingly recognized as a key property of virions to respond to chemical or 
mechanical cues from the cell during entry. Simulations of viral structures and 
dynamics have implications for cell biology and imaging, two distinct fields with 
increasing overlaps (Sbalzarini and Greber, 2018; Wang et al., 2018; Witte et al., 
2018). The approach outlined by Jefferys and Sansom also illustrates the power of 
simultaneously combining models at different resolutions to focus available 
computing power on specific components of interest, and deepen mechanistic 
insights into the biophysical and biochemical processes that enable infectious agents 
to usurp the functions of host cells and cause disease. Computational 
implementations of mathematical models will thereby enhance causal insights into 
virus infection biology.  
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1.11. Outlook 
Physical virology has been pioneered in the phage community, enhanced by 
powerful genetics and biochemical approaches (Summers, 1993). It has become an 
emerging field of interest for mammalian cell biology, medicine, and nano-science, 
with an impact on disease mechanisms, precision medicine, and controlled drug 
delivery (Evilevitch, 2013; Yin and Redovich, 2018). Nowadays, the power of physical 
virology is perhaps most impressive, when the physical nature of the particles is 
linked to dynamic changes in the virions during the entry, assembly and maturation 
processes of the particles in host cells. We are looking forward to new surprising and 
enriching interactions between virologists, physicists, and computational scientists for 
further insights into the nature of infectious disease.  
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